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SOX2 maintains the quiescent progenitor cell state of
postnatal retinal Muller glia

Natalia Surzenko'3**5, Tessa Crowl"?*, Amelia Bachleda'3, Lee Langer' and Larysa Pevny'

SUMMARY

Within discrete regions of the developing mammalian central nervous system, small subsets of glia become specialized to function
as neural stem cells. As a result of their self-renewal and neurogenic capacity, these cells later serve to replenish neurons and glia
during persistent or injury-induced adult neurogenesis. SOX2, an HMG box transcription factor, plays an essential role in the
maintenance of both embryonic and adult neural progenitors. It is unclear, however, which biological mechanisms regulated by SOX2
are required for neural stem cell maintenance. In this study, we address this question through genetic analysis of SOX2 function in
differentiating postnatal Muller glia, a cell type that maintains neurogenic capacity in the adult retina. By utilizing molecular analysis
and real-time imaging, we show that two progenitor characteristics of nascent Muller glia — their radial morphology and cell cycle
quiescence - are disrupted following conditional genetic ablation of Sox2 in the mouse postnatal retina, leading to Muller cell
depletion and retinal degeneration. Moreover, we demonstrate that genetic induction of the Notch signaling pathway restores
Muller glial cell identity to Sox2 mutant cells, but does not secure their quiescent state. Collectively, these results uncouple the roles
of SOX2 and the Notch signaling pathway in the postnatal retina, and uncover a novel role for SOX2 in preventing the depletion of

postnatal Muller glia through terminal cell division.
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INTRODUCTION

During central nervous system (CNS) development, both neurons
and glia derive from a population of radial neural progenitors.
SOX2, a member of the HMG box transcriptional activators (of
the SOXBI1 subfamily), plays an essential role in progenitor cell
maintenance in the developing and adult CNS (Favaro et al., 2009;
Ferri et al., 2004; Pevny and Lovell-Badge, 1997; Wegner and
Stolt, 2005). Disruption of SOX2 function in the embryonic
and adult CNS results in both a loss of neural progenitor
cells (NPCs) and a decrease in neurogenesis. To date, the key
biological function of SOX2 required for NPC maintenance has
not been elucidated. In this study, we address this question by
genetically dissecting the role of SOX2 in the postnatal mouse
retina.

In the developing retina, six neuronal and one glial cell type are
produced by retinal progenitor cells (RPCs) in a distinct temporal
order that is conserved among vertebrates (Livesey and Cepko,
2001). To ensure the correct final composition of the retina with
respect to the ratios of neuronal and glial cell types, a delicate
balance between RPC maintenance and differentiation must be
preserved throughout the course of retinogenesis. This balance is
achieved through the coordinated actions of transcription factors
regulating neuronal cell fate specification, such as those of the basic
helix-loop-helix (bHLH) and homeobox families, and the molecular
mechanisms acting to maintain the undifferentiated state of RPCs
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(Marquardt, 2003; Ohsawa and Kageyama, 2008). We previously
demonstrated that SOX2 is essential for the maintenance of both
the RPC undifferentiated state and their neurogenic potential
(Matsushima et al., 2011; Taranova et al., 2006). Ablation of Sox2
in embryonic RPCs abrogates neurogenesis through the loss of key
RPC characteristics: their molecular identity, morphology and
proliferative and differentiation capacity. In this study we dissect
the mechanism of SOX2 function in the maintenance of NPC
identity.

During the postnatal period, RPCs primarily give rise to rod
photoreceptors, bipolar cells and Miiller glia (MG) (Marquardt
and Gruss, 2002; Ohsawa and Kageyama, 2008). Among these
late-born cell types, MG are the only cells to maintain both an
RPC-like radial morphology and gene expression profile,
including expression of SOX2 (Nelson et al., 2011; Roesch et al.,
2008; Taranova et al., 2006). Under homeostatic conditions, MG
support neuronal function by maintaining retinal architecture and
providing trophic support. However, recent evidence suggests that
MG do not irreversibly exit the progenitor state, as they can re-
enter the cell cycle in response to retinal injury and maintain the
potential to give rise to neurons (Del Debbio et al., 2010; Fischer
and Reh, 2001; Hitchcock et al., 2004; Karl et al., 2008; Ooto et
al., 2004). Thus, MG are considered a presumptive neural stem
cell population in the retina and a key target of potential retinal
regeneration therapies.

In this study, we utilize the transition of postnatal RPCs toward
MG cell fate as an experimental premise to address the role of
SOX2 in NPC maintenance. We combine mouse genetics and real-
time imaging approaches to demonstrate that SOX2 is required to
maintain the progenitor characteristic of MG in the early postnatal
period. Ablation of Sox2 causes nascent MG to lose their radial
morphology, resulting in the disruption of retinal cellular
organization. Real-time imaging of early postnatal MG reveals that,
in contrast to Sox2-expressing quiescent MG, Sox2 mutant MG
undergo ectopic cell division.
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The re-entry of MG into the cell cycle in response to retinal injury
is tightly associated with their neurogenic capacity (Fischer and
Reh, 2001; Jadhav et al., 2009; Karl et al., 2008). Several pathways
that regulate embryonic NPC identity have been implicated in this
process (Jadhav et al., 2009; Roesch et al., 2008). One of the key
regulators of both neural progenitor identity and gliogenesis is the
Notch signaling pathway (Jadhav et al., 2006a; Jadhav et al., 2009).
Components of the Notch pathway, including its transcriptional
downstream regulators HES1/5, not only serve as markers of MG
during postnatal development but also play a crucial role in
establishing their cell identity (Hojo et al., 2000; Takatsuka et al.,
2004; Tomita et al., 1996). Furthermore, HES1 regulates the
quiescent state of neural stem cells (NSCs) through its sustained
non-oscillatory expression, and can act as a safeguard against
irreversible cell cycle exit during quiescence (Sang and Coller,
2009; Sang et al., 2008; Shimojo et al., 2011). We previously
demonstrated that Notchl is a direct transcriptional target of SOX2
in the developing CNS (Matsushima et al., 2011; Taranova et al.,
2006). Here we show that expression of both Notchl and Hes5 is
lost following ablation of Sox2 in the postnatal retina. Moreover,
we demonstrate that genetic induction of Notch signaling restores
MG identity to Sox2 mutant cells. However, Notch is insufficient to
re-establish the quiescent state of nascent Sox2 mutant MG.

Collectively, these results reveal a new role for SOX2 in the
maintenance of the progenitor characteristics of postnatal MG, and
demonstrate that sustained SOX2 expression in the postnatal retina
is required to maintain MG quiescence.

MATERIALS AND METHODS

Mouse breeding

All animal work was carried out in accordance with the University of North
Carolina IACUC and DLAM approval. The mouse lines described in this
study were maintained on a C57BL/6J background. Generation of the
Sox2“ONP mouse line was described previously (Taranova et al., 2006).
CAGG-CreER™ transgenic mice were a gift from Dr A. P. McMahon
(Hayashi and McMahon, 2002). Rosa26 reporter (R26R) (Soriano, 1999)
and CALSL-NICD [Tg(ACTB-Notchl)1Shn] (Yang et al., 2004) transgenic
mice were obtained from Jackson Laboratories. Genotyping primers are
listed in supplementary material Table S1.

Retinal explant culture

Retinal explants were prepared essentially as described (Hatakeyama and
Kageyama, 2002). Briefly, PO-P1 retinas were cultured on 30-mm filter
inserts (Millicell), two retinas per filter, with the retinal ganglion cell layer
facing upward. The culture medium consisted of 50% MEM with Hepes
and L-glutamine (Gibco), 25% 1x HBSS (Gibco), 25% heat-inactivated
horse serum (Gibco), 5.75 mg/ml glucose and penicillin/streptomycin
(Gibco). Each well was filled with 1 ml medium; 0.5 ml of medium was
replaced daily. 4-hydroxytamoxifen (Sigma) was dissolved in 100% ethanol
and added to the culture medium at 1 uM for the first 24 hours. BrdU
(Sigma) was added to the culture medium at 1 pM for 2 hours. Retinas were
cultured at 34°C in 5% CO,.

DNA constructs

The following DNA constructs were used: pCIG2 (Addgene), pCAG-
H2BEGFP (Konno et al., 2008), GLASTp-dsRED2 [a gift from Dr N.
Gaiano, The Johns Hopkins University School of Medicine, Baltimore, MD,
USA (Mizutani et al., 2007)], pPCRALBP-dsRED [Addgene (Matsuda and
Cepko, 2007)], pPCALNL-dsRED and pCALNL-EGFP (a gift from Dr C. L.
Cepko, Harvard Medical School, Boston, MA, USA). To generate
pCRALBP-CreEGFP-Nuc, the CreEGFP sequence was excised from
pCAG-CreEGFP-Nuc (a gift from Dr Jaime Rivera, University of
Massachusetts Medical School, Worcester, MA, USA) using EcoRI, blunt-
ended and digested with Nozl. The CreEGFP-Nuc fragment was inserted
into pPCRALBP-dsRED?2 following the removal of the dSRED2 cassette
using Smal and Notl.

In vitro retina electroporation and time-lapse imaging

In transfection experiments, retinas were dissected at PO and electroporated
using an in vitro electroporation chamber (Nepagene) filled with 80 pl 2-5
pg/ml DNA in 1x HBSS, essentially as described (Donovan and Dyer, 2007).
Five 30 V pulses of 50 msecond with 950 msecond interpulse durations were
delivered to the chamber. For time-lapse imaging, retinas were subsequently
embedded in 5% low melting point agarose/MEM blocks, sectioned vertically
into 200 pm slices using a microtome (Leica) and cultured as described above.
Retinal slices were imaged on days 3-4 of culture using an Olympus FV1000
laser-scanning microscope (inverted) equipped with an enclosure for
environmental control (Precision Plastics); temperature and CO, were set to
34°C and 5%, respectively. z-stacks (1.5-2.5 um apart) were collected at
800%800 resolution using a 40x dry objective every 30-50 minutes over the
course of 12-24 hours. Collected image series were processed using ImageJ
(NIH) and Adobe Photoshop software.

Immunohistochemistry, in situ hybridization and X-gal staining
Immunostaining was performed as described (Taranova et al., 2006). An
antigen retrieval method was used for antibodies against PH3, PCNA and
BrdU. Slides were heated to 60-80°C in a buffer containing 10 mM sodium
citrate and 0.001% Tween 20, pH 6.0. The antibodies and dyes used in this
study are listed in supplementary material Table S2. X-gal staining was
performed as described (Matsushima et al., 2011). In situ hybridization was
performed on 14 pm frozen retinal tissue sections using digoxigenin (DIG)-
labeled antisense RNA probes followed by enzymatic detection according
to manufacturer protocols (Roche). The following probes were used: Chx10
(Vsx2 — Mouse Genome Informatics) [a gift from Dr R. Mclnnes, The
Hospital for Sick Children, Toronto, CA (Horsford et al., 2005)], Hes5
(Chenn and Walsh, 2002) and Notchl (Lardelli and Lendahl, 1993).

Images were obtained on a Leica DMIRB inverted microscope equipped
with either SPOT (RT Color Diagnostics) or Retiga (SRV-1394) cameras, or
on a laser-scanning upright microscope (Zeiss LSM 510), and processed
using Adobe Photoshop software.

Statistical analysis

Retinas from at least three pups of each genotype from independent litters
were analyzed for every condition and molecular marker described in this
study. Cells were counted on non-consecutive 14 pm sections through the
central retinas of individual pups from separate litters. Unpaired two-tailed
Student’s z-test or one-way ANOVA and Tukey’s multiple comparison test
(Prism software, GraphPad) were used for analysis. Dividing GLAST-
dsRED2-labeled cells were counted on z-stacks collected from retinal slices
imaged for 12 hours. The number of cells counted ranged from 230 to 691

per genotype.

RESULTS

Sustained expression of SOX2 and Notch1 defines
MG in the postnatal and adult retina

During the first postnatal week, the pool of RPCs rapidly decreases
as they undergo terminal cell divisions (Young, 1985b). We
analyzed the dynamics of SOX2 expression in the developing retina
between postnatal day (P) 0 and 10 and compared it with that of
Notchl, a known regulator of MG specification (Fig. 1) (Jadhav et
al., 2006a; Jadhav et al., 2006b; Jadhav et al., 2009; Nelson et al.,
2011). At PO, SOX2 and Notchl are expressed in retinal progenitors
within the neuroblast layer (NBL) of the retina (Fig. 1A,G). SOX2
expression is also maintained in a subset of amacrine (starburst)
cells occupying the future inner nuclear layer (INL) and ganglion
cell layer (GCL) (Fig. 1A, arrowhead) (Taranova et al., 2006). By
P4, SOX2 and Notchl expression in the outer nuclear layer (ONL)
is significantly reduced, concomitant with a decrease in the number
of progenitor cells (Fig. 1B,H) (Young, 1985a; Young, 1985b). By
P7,SOX2 and Notchl are no longer detected in the ONL, and their
expression is restricted predominantly to the INL (Fig. 1C,I). This
corresponding pattern of SOX2 and Notchl expression is observed
at P10 and is maintained into adulthood (Fig. 1D-F,J-L).
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Fig. 1. SOX2 and NOTCH1 are expressed in postnatal retinal progenitor cells and in Miiller glia. (A-F) Expression of SOX2 in the mouse retina was
assessed by immunohistochemistry at the indicated ages. Arrowhead (A), amacrine cell; arrows (E,F), Mdller glia (MG). (G-L) Notch1 expression was
examined by in situ hybridization. (M-R) SOX2 does not colocalize with NF (M) or rhodopsin (N). SOX2 is co-expressed with ISLETT in amacrine cells (O,
arrowhead) but not in bipolar cells (O, arrow). SOX2 colocalizes with GS (P, higher magnification in Q) and CRALBP (R) in MG at P10 (PQ) and in the adult
retina (R). AM, amacrine cells; GS, glutamine synthetase; IPL, inner plexiform layer; INL, inner nuclear layer; NBL, neuroblast layer; NF, neurofilament; ONL,

outer nuclear layer. Scale bars: 65 um in P for A-D,G-J,M-P; 30 um in R for E,FK.LQR.

To determine the identity of SOX2-expressing cells in the INL,
we compared the expression of SOX2 at P10 with the following
markers of postmitotic neurons and glia: neurofilament (NF;
horizontal cells), rhodopsin (rod photoreceptors), ISLET1 (subsets
of'amacrine, ganglion and bipolar cells), glutamine synthetase (GS;
MG) and CRALBP (RLBP1 — Mouse Genome Informatics) (MG)
(Fig. IM-R). We find that SOX2 is mutually exclusive of NF
(Fig. 1M) and rhodopsin (Fig. 1N). SOX2-positive amacrine cells
express ISLET1 (Fig. 10, arrowhead), whereas ISLET 1-expressing
bipolar cells in the INL do not co-express SOX2 (Fig. 10, arrow)
(Elshatory et al., 2007). Cells that maintain SOX2 in the INL are
MG, as defined by the elongated cell body morphology and
expression of both GS and CRALBP (Fig. 1P-R). In summary,
SOX2 and Notchl display overlapping patterns of expression in the
postnatal mouse retina and define RPCs and differentiating MG.

Temporally regulated ablation of Sox2 and
genetic induction of Notch signaling in the early
postnatal retina

The Notch signaling pathway plays an important role in regulating
NPC fate decisions; sustained activity of NOTCHI is essential for
the establishment and maintenance of MG cell identity (Furukawa
et al., 2000; Jadhav et al., 2009). The role of SOX2 in MG cells is
less well understood. We therefore sought to examine and compare
the respective roles of SOX2 and NOTCHI in the postnatal retina
during MG development. To establish an experimental system
allowing for analysis of SOX2 in differentiating MG, we first
generated Sox2CONP/COND.CAGGCre-ER™  (referred to as
Sox2MUMNT) animals, in which Cre expression is regulated by the
ubiquitously active chicken B-actin promoter, and Cre activation is
mediated by 4-hydroxytamoxifen (TM) (supplementary material
Fig. S1A) (Hayashi and McMahon, 2002). To ablate Sox2 during
the period of MG cell development, PO-P1 Sox2MU™NT retinas were
treated with TM in vitro and cultured for 5-7 days (supplementary

material Fig. S1B). We find that expression of SOX2 in Sox2MUHANT
retinas is reduced within 2 days, and is no longer detected in the
INL at 4-5 days of culture (Fig. 2C; supplementary material Fig.
S1S,T), whereas in Sox2"*:CAGGCre-ER™ (referred to as
Sox2CONTROLY retinas cultured for 5 days, SOX2 is maintained in
nascent MG in the INL and in a subset of amacrine cells (Fig. 2A;
supplementary material Fig. S1S,T). Both retinal structural
organization and expression of MG and rod photoreceptor markers
are preserved in Sox2“ONROL retinas treated with TM at PO-P1 and
cultured for 5 days (supplementary material Fig. SIC-R). When the
fates of mosaically labeled RPCs are examined in TM-treated
Sox2CONTROL and Sox2MUTANT retinas using electroporation of the
Cre reporter construct pPCALNL-EGFP at P1, no significant changes
in the ratios of late-born MG, rod photoreceptors and bipolar cells
are detected (supplementary material Fig. S2). These results suggest
that TM-induced loss of Sox2 in the postnatal retina is gradual and
does not dramatically affect cell fate choices of RPCs at P1, thus
making newly specified MG amenable to further analysis of SOX2
function in these cells.

We previously showed that Notchl is a downstream
transcriptional target of SOX2 in embryonic RPCs (Matsushima et
al., 2011; Taranova et al., 2006). To determine whether ablation of
Sox2 in the postnatal retina leads to changes in the components of
the Notch signaling pathway, we examined the expression of Notchl
and Hes5 in Sox2"VANT compared with Sox2ONROL retinas treated
with TM and cultured for 5 days. We find that, in contrast to
Sox2CONTROL yetinas in which both Notchl and Hes5 are maintained
in the INL, expression of Notchl and Hes5 is downregulated in
Sox2MUTANT retinas (Fig. 2E.I versus 2G,K).

We next used a transgenic approach to genetically induce Notch
signaling in Sox2YU™NT retinas via Cre-dependent activation of the
CALSL-NICD transgene, which encodes the NOTCHI1 intracellular
domain (NICD) (Yang et al., 2004). We find that NICD activity
restores the expression of Notchl and Hes5 in Sox2MUTANT .41 ST .-
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PO + 5 DIV Fig. 2. Loss of NOTCH1 activity and
disorganization of MG in Sox2VUTANT
Sox2CONTROL: Sox2MUTANT retinas. (A-D) SOX2 expression is not detected
Sox2coNTRat CALSL-NICD Sox2UUINT CALSL-NICD in Sox2"UANT (C) and Sox2"UNTCALSL-NICD (D)
TM-treated retinas cultured for 5 days.
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(GK) retinas and is restored by NICD activity in
Sox2MUANT.CAL SI-NICD retinas (H,L).

(M-P) SOX9-expressing MG are displaced to
the ONL in both Sox2"YNT (O, arrowheads)
and Sox2"WANT-CALSI-NICD (P, arrowheads)
retinas. (Q-T) NR2E3-expressing rod
photoreceptor precursors are reduced in
number in Sox2“NTOLCALSI-NICD (R) and
Sox2MUIANT-CAL SI-NICD (T) retinas, and are
disorganized in Sox2"U"NT retinas (S).

(U V) Total densities of SOX9-positive (U) and
NR2E3-positive (V) cells were quantified on
sections of TM-treated retinas of the indicated
genotypes. **P<0.0001; ns, not significant.
Error bars indicate s.e.m. Sox2ONTF% refers to
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Density of Nr2E3* cells
ns

ok e

1504

8
e

2004

# of cells per 4x10%um?
a3
i I

# of cells per 4x10%um?

[=1

T T T T 0s

& Lo
i Fo X +’f
0 0 \9 s

[4

'{)‘V
g F
0 \% 0
w c,\"\’ 9

Genotype

NICD retinas (Fig. 2H,L). These results demonstrate that expression
of Notchl and its downstream effector Hes5 in the postnatal retina
is downregulated in the absence of SOX2, and can be ectopically
maintained in SOX2-deficient retinas through activation of the
CALSL-NICD transgene, thereby establishing an experimental
premise to probe the functional relationship between SOX2 and
NOTCHI1 in the development of postnatal MG.

Reduced density and disorganization of MG in
Sox2MUTANT retinas

The generation of MG during the final divisions of postnatal RPCs
is coupled with the genesis of rod photoreceptors (Gomes et al.,
2011; Turner and Cepko, 1987). We examined the final densities of
MG and rod photoreceptors in Sox2MVHNT retinas cultured for 5
days using SOX9 and NR2E3 to mark MG and rod photoreceptor
precursors, respectively. We find that, in contrast to SOX9-
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expressing MG in Sox2“ONROL retinas, which are confined to the
INL, cell bodies of MG in Sox2MU™MNT retinas treated with TM at
PO-P1 and cultured for 5 days are found in both the INL and ONL
and are significantly disorganized (Fig. 20, arrowheads).
Furthermore, compared with Sox2COMROL retinas, the total density
of SOX9-positive nascent MG in Sox2MUNT retinas at day 5 of
culture is reduced (87.0+£3.7 versus 134.8+6.6, mean + s.e.m.;
P<0.0001) (Fig. 2M versus 20,U). Conversely, the density of
NR2E3-expresssing rod photoreceptor precursors in Sox2MVHANT
retinas is moderately increased compared with Sox2ONTROL retinas
(520.6+26.4 versus 468.5+17.1; P>0.05) (Fig. 2V), and the ONL is
disorganized.

Consistent with the role of NOTCHI in regulating MG and rod
photoreceptor cell fates in the developing retina, genetic activation
of NICD in Sox2CONTROL.CALSL-NICD TM-treated retinas
promotes MG and attenuates photoreceptor cell genesis (Fig. 2M
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versus 2N, 2Q versus 2R) (Bao and Cepko, 1997; Jadhav et al.,
2006a; Jadhav et al., 2006b; Jadhav et al., 2009; Nelson et al., 2011;
Yaron et al., 2006). Specifically, the density of SOX9-positive MG
in Sox2CONTROL. CALSL-NICD retinas is increased compared with
Sox2CONTROL retinas (167.7+3.7 versus 134.8+6.6; P<0.001)
(Fig. 2M versus 2N,U), whereas the density of NR2E3-positive rod
photoreceptor precursors is decreased (416.5+15.2 versus
468.5+17.1; P>0.05) (Fig. 2Q versus 2R,V).

Activation of the Notch signaling pathway in Sox2¥VNT. CALSL-
NICD retinas leads to an increase in the density of SOX9-positive
MG, compared with Sox2YV™NT retinas (177.8+5.4 versus 87.0+3.7;
P<0.0001), to the extent observed in Sox2“ONTROL-CALSL-NICD
retinas (167.7£3.7 versus 177.8+5.4; P>0.05) (Fig. 20 versus
2P,N,U). However, the vast majority of MG in Sox2MVHANT.CALSL-
NICD retinas remain displaced throughout the INL and ONL (Fig. 2P,
arrowheads). Changes in density and disorganization of nascent MG
in Sox2MUHNT and  Sox2MUTNT-CALSL-NICD retinas are also
observed by immunostaining against PAX6, vimentin and nestin
(supplementary material Figs S3, S4). These data demonstrate that
MG in Sox2MUTANT retinas are formed but are reduced in number and

PO + 5 DIV

are significantly disorganized. Furthermore, activation of the Notch
signaling pathway in a Sox2-deficient background restores the density
of Sox2 mutant MG. However, NICD activity does not re-establish the
correct laminar position of MG in Sox2YVANT: CALSL-NICD retinas,
suggesting a role for SOX2 specifically in postnatal MG.

Aberrant MG morphology and laminar
disorganization in Sox2WUTANT retinas

MG are essential for the establishment and maintenance of the
laminar organization in the postnatal retina (Bringmann et al., 2006;
Willbold et al., 1997). Mutations leading to a reduced density of
MG or that alter their ability to function as a structural scaffold are
associated with the disruption of the inner and outer retinal
membranes and of neuronal stratification, eventually resulting in
retinal degeneration (Dubois-Dauphin et al., 1999; van Rossum et
al., 2006). The reduced density and aberrant localization of MG
throughout the INL and ONL in SOX2-deficient retinas, combined
with the disorganization of the ONL, led us to examine the laminar
architecture in Sox2MUNT retinas. Gross morphological analyses
(Fig. 3A-D) coupled with B-catenin (adherens junctions; Fig. 3E-

Fig. 3. Defects in retinal lamination and

MG morphology in Sox2"VUTANT retinas.

Sox2CONTROL | |

SGX2MUTANT

(A-L) Immunohistochemical analysis of

| [ Beta-catenin | |

Phalloidin

PO + 7 DIV

sectioned retinas reveals disorganization of
lamination in Sox2MUNT retinas treated with
TM and cultured for 5 days. BD,FH,J,L are
high magnification images of AC.EG,IK.
(A-D) In Sox2MUANT retinas, the ONL, INL and
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beyond the OLM (C, arrowhead) and IPL (C,
arrow), as shown by Nissl staining (A,B
versus C,D). (E-H) Whereas [3-catenin is
enriched in adherens junctions of the IPL

(E, arrow) and OLM (E,F, arrowheads) of
Sox2“ONTROL retinas, B-catenin staining in the
IPL (G, arrow) and OLM (G,H, arrowheads) of
Sox2MUANT vetinas is discontinuous. (I-L)
Breaks in the IPL (arrows) and OLM
(arrowheads) of Sox2"VNT retinas are
visualized by the uneven distribution of
F-actin (phalloidin), which is normally
enriched in the IPL (1K, arrows) and OLM (I-L,
arrowheads). (M-R) Immunostaining against
CRALBP (M,N) and GLAST (O,P) reveals the
radial morphology of MG in Sox2 VROt

retinas (M,0,Q), whereas MG in Sox2MVANT
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the ONL (N,PR, arrowheads). (S,T) The OPL,
marked by NF, is disorganized in Sox2MUANT
(T) compared with Sox2ONTROL (S) retinas
cultured for 7 days. (U,V) Rod
photoreceptors form rosette structures in
Sox2MUPNT () compared with Sox2ONTRO!
(U) retinas cultured for 7 days. GCL, ganglion
cell layer; OLM, outer limiting membrane.
Scale bars: 40 um in R for M-R; 15 um in L for
BDFHJL
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H), phalloidin (F-actin; Fig. 31-L) and NF (horizontal cells;
Fig. 3S,T) staining reveal the disruption of the outer limiting
membrane (OLM) and the disorganization of the inner and outer
plexiform layers (IPL and OPL) in Sox2MY™MT retinas compared
with Sox2CONTROL retinas,

We next assessed the morphology of postnatal MG in
Sox2CONTROL and Sox2MU™MNT retinas by immunostaining against
CRALBP and GLAST (SLC1A3 — Mouse Genome Informatics)
(Fig. 3M-R). In Sox2CONTROL retinas, MG display a characteristic
radial morphology, with cell bodies located within the INL and
processes that extend towards the apical and basal retinal
boundaries (Fig. 3M,0,Q). By contrast, the radial morphology of
Sox2MUHNT M@ is disrupted, and the cell bodies are irregularly
shaped and mislocalized to the ONL (Fig. 3N,P,R; supplementary
material Fig. S1T). The reduced density and aberrant morphology
of MG in Sox2MU™NT retinas and the disruption of the OLM are
accompanied by the disorganization of the ONL, such that
rhodopsin-positive photoreceptors are no longer contained within
a defined cellular layer but protrude through the breaks in the
OLM and form rosette-like structures (Fig. 3U versus 3V). The
severity of retinal disorganization in Sox2"U™N retinas correlates
with the kinetics of TM-induced Sox2 ablation (supplementary
material Fig. S1T) and the duration of culture period, with a subset
of retinas displaying severe degeneration at day 7 of culture
(supplementary material Fig. S1U, Table S3). Together, these data
reveal the aberrant morphology of postnatal Sox2"V™N MG and
the defects in retinal laminar architecture caused by ablation of
Sox2 in the postnatal retina.

PO + 5 DIV

Disruption of cell cycle quiescence in nascent
soszUTANT MG

Cell cycle quiescence, along with the confinement of RPC marker
expression strictly to the INL, serve to distinguish newly specified
MG from proliferating RPCs (supplementary material Fig. S3).
However, postnatal MG that are forced to re-enter the cell cycle,
either by the administration of mitogenic factors or in response to
retinal injury, are capable of undergoing interkinetic nuclear
migration (INM) and cell division (Close et al., 2006; Joly et al.,
2011; Karl et al., 2008; Ueki et al., 2012). SOX2 is crucial to cell
cycle dynamics in the retina, cortical subventricular zone and in
glial cells in the hippocampus (Pevny and Nicolis, 2010; Ferri et
al., 2004). We asked whether displacement of MG cell bodies to
the ONL in Sox2MU™NT retinas is associated with dysregulation of
their cell cycle state. We first assessed the incorporation of BrdU
(2-hour pulse) and presence of phospho-histone H3 (PH3),
marking cells in the S and M phases of the cell cycle, respectively,
in Sox2CONTROL and Sox2MUTANT retinas (Fig. 4A-D). We find that
by day 5 in culture, cells that incorporate BrdU and exhibit PH3
are no longer present in the central regions of Sox2ONTROL retinas
(Fig. 4A,C), whereas they persist in the peripheral retinal regions
(Fig. 4A, inset; supplementary material Fig. S1M, inset). By
contrast, BrdU-positive and PH3-positive cells are observed in
both the central and peripheral regions in Sox2YUHNT retinas
(Fig. 4B,D). The total number of PH3-positive cells is
significantly increased in Sox2MU™NT relative to Sox2CONTROL
retinas (32.70+3.88 versus 16.20+4.05; P=0.0055) (Fig. 40).
Consistent with both the decrease in MG cell density and the

Fig. 4. MG in Sox2"U™NT retinas express

mitotic cell cycle markers. (A-D) The
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increase in proliferating cells, expression of the cell cycle inhibitor
p27%Pl (CDKNI1B — Mouse Genome Informatics) is reduced in
Sox2MUIANT yetinas (Fig. 4E versus 4F).

We next examined the expression of PAX6, which marks MG
cells, as well as amacrine and horizontal cells (HCs) in the INL
(Fig. 4G-H"). In accordance with the depletion of dividing RPCs in
the central retinal regions at day 5 of culture, PAX6-positive cells
are rarely detected in the ONL of Sox2CONROL retinas, whereas
postnatal MG in the INL maintain PAX6 expression (Fig. 4G,G’;
supplementary material Fig. S4A,A’, arrowheads). By contrast,
PAX6-positive cells that undergo INM and co-express PCNA
(Fig. 4H,H', arrows; supplementary material Fig. S5B,D,F,F’,
arrows), and PAX6-positive PCNA-negative cells with a round
morphology that have exited the cell cycle (Fig. 4H,H',H",
arrowheads; supplementary material Fig. S5B,D,F,F’, arrowheads),
are found in the ONL of Sox2YU™NT retinas. Consistent with the
INM, the number of SOX9-expressing MG that are displaced to the
ONL is increased in Sox2YUHNT relative to Sox2ONTROL retinas
(Fig. 4P). Importantly, cells that incorporate BrdU in Sox2MVHANT
retinas are located in both the INL and ONL and co-express
CRALBP (Fig. 4I-N, arrowheads; inset in 4N), confirming their
identity as MG. Thus, ablation of Sox2 in the postnatal retina leads
to the re-entry of MG into the cell cycle.

Sox2 mutant postnatal MG undergo cell division
To determine whether postnatal MG that undergo INM and
upregulate mitotic markers in Sox2"UHNT retinas undergo cell
division, we electroporated PO-P1 retinas with GLASTp-dsRED2
plasmid and monitored the behavior of labeled cells in TM-treated
retinal slices at days 3-4 of culture using time-lapse microscopy
(Fig. 5; supplementary material Fig. S6) (Mizutani et al., 2007).
GLASTp-dsRED2 marks a small subset of electroporated cells, the
vast majority of which exhibit the characteristic radial morphology
of MG at day 4 in culture (supplementary material Fig. S6E,F).
Consistent with their identity as MG, GLASTp-dsRED2-positive
cells in Sox2CONTROL retinas display long processes that extend
towards the apical and basal retinal boundaries, do not undergo
INM, and maintain a cell body position within the INL (Fig. 5A,A’;
supplementary material Fig. S6B, Movie 1). In contrast to MG in
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Sox2CONTROL retinas and in accordance with the expression of

proliferative markers, a subset of Sox2V™N MG captured during
a 24-hour imaging period at days 3-4 of culture migrate towards the
apical retinal surface and undergo cell division (Fig. 5B,B’;
supplementary material Movies 2-4). Importantly, daughter cells
resulting from Sox2MV™NT MG cell divisions do not re-establish
radial morphology, losing both RPC and MG identity
(supplementary material Movies 2-4). Together, these results
demonstrate that, in the absence of SOX2, postnatal MG cells divide
at the apical retinal boundary, suggesting a role for SOX2 in the
maintenance of nascent MG by preventing their depletion through
cell division.

Mosaic ablation of Sox2 in the postnatal retina
leads to cell division of nascent MG

The ability of postnatal and adult MG cells to re-enter the cell cycle
is tightly associated with their response to retinal injury (Dyer and
Cepko, 2000; Jadhav et al., 2009; Joly et al., 2011; Ooto et al.,
2004). To confirm that cell division of postnatal MG is caused by
the loss of SOX2 in these cells specifically, as opposed to being
triggered by non-cell-autonomous factors, we ablated Sox2 in a
mosaic manner. The pCRALBP-CreEGFP-Nuc construct, which
encodes a CreEGFP fusion protein driven by the Cralbp regulatory
element, was used to electroporate retinas at P1 (Fig. 6A) (Matsuda
and Cepko, 2004; Matsuda and Cepko, 2007). Fate-mapping
analysis of pCRALBP-CreEGFP-Nuc with the Cre reporter
pCALNL-dsRED in retinas cultured for 5 days confirms its
restricted activity predominantly in postnatal MG (supplementary
material Fig. STA-D). At day 5 of culture, CreEGFP colocalizes
with SOX2 and CRALBP strictly in MG in the INL (Fig. 6C;
supplementary material Fig. S7TE-G). In contrast to MG in Sox2*/*
retinas, which maintain their quiescent state, a subset of CreEGFP-
expressing MG in Sox2CONP/COND retinas exhibit PH3 (Fig. 6E,
arrowhead), migrate to the apical retinal boundary (Fig. 6F,
arrowheads) and undergo cell division (Fig. 6G; supplementary
material Movie 5). These results, combined with the observed MG
cell division in TM-treated Sox2MUNT retinas, strongly suggest that
SOX2 is required in nascent MG specifically to prevent cell cycle
entry and aberrant cell division.

Fig. 5. Cell division of MG in Sox2MUTANT
retinas. (A,A") Time-lapse imaging of
GLASTp-dsRED2-expressing cells in slices
of TM-treated Sox2“VR retinas at day 3-
4 of culture illustrates MG radial
morphology, maintenance of apical and
basal cellular processes (arrowheads) and
limited cell body movement (illustrated
in A"). (B,B") A GLASTp-dsRED2-labeled
MG imaged in the Sox2"V"" retina
migrates to the ONL and undergoes cell
division, followed by separation of the
two daughter cells (arrows) and splitting
of the basal cellular process (arrowheads)
(illustrated in B'). Image series were
collected on 200 um retinal sections
every 40 minutes over 8-18 hours. Scale
bars: 30 umin A; 20 um in B.

PCNA
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division of nascent MG. (A) pCRALBP-dsRED2 and
pCRALBP-CreEGFP-Nuc DNA constructs. (B) CRALBP-
dsRED2 colocalizes with CRALBP-CreEGFP in MG in
retinas co-electroporated at P1 and cultured for 5 days.
(C) In Sox2™* retinas, CRALBP-CreEGFP is co-expressed
with SOX2 in the INL (C, arrowheads). (D) SOX2 is not
detected in EGFP-positive cells in Sox2 ONY/COND ratings,
(EF) A subset of CRALBP-CreEGFP-expressing MG in
Sox2COND/COND ratinas exhibit PH3 (F, arrowhead, inset)
and are displaced to the ONL (F, arrowheads).
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Induction of ectopic NOTCH1 activity restores MG
cell identity to Sox2MUTANT cells but does not
secure their quiescent state
Radial morphology and cell cycle quiescence are distinguishing
characteristics of postnatal MG cells, and are disrupted due to loss
of SOX2 in the postnatal retina. To examine whether genetic
activation of the Notch signaling pathway restores these
characteristic features of MG, in addition to their cell density, we
examined MG morphology and retinal laminar architecture in
Sox2MUHNT. CALSL-NICD retinas (Fig. 7). In contrast to the
aberrant morphology of MG in Sox2MUMNT retinas, the
morphology of MG in Sox2MUHNT.CALSL-NICD retinas is
restored by the activity of NICD. Despite the displacement of MG
cell bodies to the ONL in Sox2MVANT.CALSL-NICD retinas (Fig.
2P), their processes are maintained at the apical and basal retinal
boundaries (Fig. 7C versus 7D). Furthermore, restoration of MG
cell density and morphology in Sox2MV™ANT . CALSL-NICD retinas
is accompanied by restoration of the OLM, as marked by
phalloidin staining (Fig. 7G versus 7H). These data demonstrate
that the Notch signaling pathway functions downstream of SOX2
to maintain MG cell molecular identity and radial morphology.
We next assessed whether the quiescent state of nascent Sox2
mutant MG is restored by the NICD activity in Sox2"V™NT-CALSL-

CRALBP CRE-EGFP

18.0 hrs

supplementary material Movie 5). Arrowheads indicate
mitotic MG at the apical retinal boundary. Confocal
images (G) were collected from 200 um retinal sections
every 40 minutes over an 18-hour period. Scale bars:
45 umin C-F; 35 umin G.

INL

ONL

INL

ONL

NICD retinas. We find that the expression pattern of PCNA,
marking predominantly MG in the INL, is indistinguishable in
Sox2CONTROL and Sox2CONTROL.CALSL-NICD retinas (Fig. 8A,B;
supplementary material Fig. S3Q-T), whereas the mitotic marker
PH3 is undetectable (Fig. 8E,F). In sharp contrast, expression of
PCNA and presence of PH3 are observed throughout the INL and
ONL of Sox2MUTNT . CALSL-NICD retinas (Fig. 8D,H).

To further examine the effect of ectopic NICD activity on the
mitotic behavior of postnatal MG, we followed the fates of
GLASTp-dsRED2-labeled cells in slices of Sox2CONROL.CALSL-
NICD and Sox2MUHNT.CALSL-NICD retinas using time-lapse
imaging at days 3-4 of culture (Fig. 81,J; supplementary material
Movies 6-9). In accordance with the lack of PH3, GLASTp-
dsRED2-labeled MG cells in Sox2“ONROL: CALSL-NICD retinas do
not undergo INM or cell division (Fig. 8J; supplementary material
Movie 6). By contrast, GLASTp-dsRED2-expressing MG in
Sox2MUTANT . c 4 [ ST.-NICD retinas undergo INM and divide at the
apical retinal boundary (Fig. 8I; supplementary material Movies 7-
9). The proportions of GLASTp-dsRED2-labeled cells undergoing
cell division during the 12-hour imaging periods in both Sox2YUHANT
(16.14+1.86; n=19) and Sox2"V™NT-CALSL-NICD (16.68+1.90;
n=11) retinas are significantly higher than in Sox2CONROL
(1.73£0.58; n=24) and Sox2CONTROL.CALSL-NICD (0.37+0.37;



SOX2 regulates quiescence

RESEARCH ARTICLE 1453

PO + 5DIV Fig. 7. Activation of Notch signaling

in Sox2MUTNT.CAL SI-NICD retinas

CONTROL » MUTANT - restores MG cell morphology and

Sox2CONTROL Sox2 ; Sox2MUTANT ffxi il retinal architecture. (A-D) CRALBP
CALSL-NICD CALSL-NIC, reveals restoration of MG morphology

CRALBP
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and retinal architecture in
Sox2MUANT.CAL SI-NICD retinas, as
compared with Sox2"V""T retinas (C
versus D). (E-H) The integrity of the
OLM is restored in Sox2MVANT.CALSI-
NICD retinas (H, arrowhead) compared
with Sox2MUANT retinas (G, arrowhead).
(I) Comparison of MG morphology and
retinal organization between
SOx2CONTROL 50, SMUTANT 31 g
Sox2MUANT.CALSI-NICD retinas. MG in
Sox2MUPNT retinas are reduced in
number and are displaced to the ONL.
NICD activity restores the number of
MG, but not their INL position. MG,

green; rod photoreceptors, red;

n=8) retinas (P<0.0001) (Fig. 8J). These findings, coupled with the
restoration of MG cell density and morphology in
Sox2MUTANT.CA[SL-NICD retinas, provide evidence that SOX2
maintains the identity of postnatal MG via the Notch signaling
pathway, but functions in a Notch-independent manner to prevent
the aberrant cell division of nascent MG.

DISCUSSION

In this study, we show that SOX2 plays an essential role in
maintaining the structural organization of the postnatal retina and
the quiescence of nascent MG. Utilizing real-time imaging we find
that loss of SOX2 forces MG to aberrantly divide into a pair of
postmitotic daughter cells, leading to MG cell depletion and retinal
degeneration. We further establish that activation of Notch signaling
restores MG characteristics to Sox2 mutant cells, but is insufficient
to secure their progenitor state quiescence. We propose a model by
which SOX2 maintains a quiescent progenitor cell state of nascent
MG by preventing their progression through the cell cycle to
terminal division.

MG represent a dormant progenitor cell population. They
maintain characteristics of postnatal RPCs, including radial
morphology and the expression of NPC markers. Although they
retain a neurogenic capacity, MG proliferate and give rise to new
neurons only when stimulated by signals that arise in response to
retinal injury (Jadhav et al., 2009; Roesch et al., 2008). Here, we
show that ablation of Sox2 during the period of MG cell
development leads to their gradual depletion, as evidenced by a
decrease in the expression of the MG markers SOX9, PAX6, p27XiP!
and PCNA. Moreover, this reduction in MG cell number is
accompanied by the disruption of their radial morphology.

amacrine cells, gray, pink. Scale bar:
45 um in A-H.

Unlike the subsets of specialized adult glial stem cells in the
subventricular zone (SVZ) of the lateral ventricle and the
subgranular zone (SGZ) of the dentate gyrus in the hippocampus,
MG constitute the principal glial cell population in the retina, and
thus their primary role lies in maintaining retinal homeostasis
(Kriegstein and Alvarez-Buylla, 2009). Spanning the entire width of
the retina, MG define the retinal boundaries through the formation
of intercellular junctions, function as a neuronal scaffold, and play
the decisive role in the establishment of retinal laminar pattern and
polarity (Bringmann et al., 2006; Willbold et al., 1997). Consistent
with this role, the loss of MG in the postnatal retina results in retinal
degeneration (Dubois-Dauphin et al., 1999; Rich et al., 1995). In
agreement with these observations, we find that the gradual loss of
MG cells in Sox2MUMNT retinas leads to severe retinal
disorganization followed by retinal degeneration, suggesting an
essential role for SOX2 in the maintenance of retinal homeostasis
through its function in nascent MG.

In the developing and adult CNS, SOX2 serves as a marker of
multipotent NPCs and controls the maintenance of NPC identity
(Ellis et al., 2004; Favaro et al., 2009; Ferri et al., 2004; Pevny and
Nicolis, 2010). Disruption of SOX2 function is associated with the
loss of proliferative and differentiation capacity in embryonic and
adult NPCs. However, to date, the precise mechanism underlying
the requirement for SOX2 in the maintenance of NPCs has not been
characterized. In this study, we demonstrate that SOX2 functions to
maintain postnatal MG, the NPC-like cells of the retina, by
safeguarding them from entering the cell cycle and undergoing
aberrant cell division.

Cell cycle quiescence is an essential feature of MG that
distinguishes them from postnatal RPCs and enables them to
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Fig. 8. NICD activity does not restore the quiescent state of MG in Sox2MU™NT.CALSL-NICD retinas. (A-D) PCNA-expressing cells are present in
both the INL and ONL of Sox2"V™NT-CALSI-NICD retinas (D). (E-H) PH3-positive cells are found in Sox2"VNT(G) and Sox2MUPNT.CALSL-NICD (H) retinas.

() Daughter cell resulting from a dividing GLASTp-dsRED2-labeled MG (arrowheads) re-establishes radial morphology in Sox2""V"N.CALSI-NICD retina.
The image series were collected on 200 um sections every 40 minutes over a 12-hour period. (J) The percentage of dividing GLASTp-dsRED2-positive
MG is significantly increased in Sox2"V™NT and Sox2MUANT.CALSL-NICD retinas (P<0.0001) compared with Sox2““"™R9 and Sox2“ONTROLCAL SI-NICD retinas.

***P<0.0001. Error bars indicate s.e.m. Scale bars: 45 um in A-H; 30 um in I.

function in maintaining retinal homeostasis. Here we show that MG
in Sox2MUTANT petinas are formed, but are not maintained in the
absence of Sox2. Using real-time imaging, we demonstrate that,
unlike quiescent MG, Sox2 mutant MG undergo INM and cell
division at the apical retinal boundary. Divisions of MG in
Sox2MUHNT retinas produce daughter cells that do not display the
morphological and molecular characteristics of MG, losing both
MG and progenitor cell identity. The moderate increase in rod
photoreceptor precursors in Sox2MU™NT retinas suggests that a
subset of daughter cells produced by dividing Sox2 mutant MG
might acquire rod photoreceptor cell fate. However, ectopic
expression of PAX6 in a subset of these daughter cells is
inconsistent with this idea. Rather, we conclude that daughter cells
resulting from Sox2YU™NT MG divisions exit the cell cycle and
transiently acquire a somewhat complex identity. This conclusion is
supported by studies demonstrating that NPCs are incapable of
proper neuronal or glial differentiation when the function of SOX2
is perturbed (Bylund et al., 2003; Ehm et al., 2010; Favaro et al.,
2009; Ferri et al., 2004; Graham et al., 2003; Holmberg et al., 2008;
Matsushima et al., 2011).

Similar to SOX2, Notch signaling serves to maintain NPC
identity in the developing and adult CNS (Austin et al., 1995; Ehm
etal., 2010; Furukawa et al., 2000; Henrique et al., 1997; Holmberg
et al., 2008; Takatsuka et al., 2004; Tomita et al., 1996; Yaron et al.,
20006). Studies in multiple systems, including the developing mouse

retina, provide evidence for a possible interaction between SOX2
and Notch (Ehm et al., 2010; Holmberg et al., 2008; Matsushima et
al., 2011; Takatsuka et al., 2004; Taranova et al., 2006; Yaron et al.,
2006). These studies establish that the ability of Notch signaling to
maintain NPC identity depends on functional SOXB1 proteins.

Examination of the relationship between Notch signaling and
SOX2 in nascent MG reveals that Sox2"VNT MG downregulate
both Notchl and its downstream target, Hes5, confirming that the
expression of components of the Notch signaling pathway in MG
depends on SOX2. Importantly, genetic induction of Notch
signaling prevents the depletion of MG in Sox2V™N.CALSL-
NICD retinas, as evidenced by the restoration of MG radial
morphology, leading to an improvement in retinal architecture.
However, Notch activity does not secure the quiescent state of
Sox2MUNT MG, while NICD itself has little effect on cell
proliferation in the postnatal retina (Bao and Cepko, 1997,
Furukawa et al., 2000). Real-time visualization of MG in
Sox2MUTANT. CALSL-NICD retinas suggests that the daughter cells
resulting from Sox2MU™NT MG cell divisions are capable of re-
establishing radial morphology and cell body position in the INL.
The increase in MG cell density and restoration of their radial
morphology indicate that NICD activity specifically rescues the
fates of Sox2MVHANT MG cells.

Collectively, these data strongly suggest that, in addition to
maintaining MG cell identity via the Notch signaling pathway,
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SOX2 functions in a Notch-independent manner to prevent the
depletion of nascent MG through cell cycle progression and
terminal cell division. Thus, we uncoupled the roles of SOX2 and
Notch signaling in MG development. We established that whereas
Notch signaling functions as a MG cell fate determinant, SOX2 is
essential to prevent their terminal cell cycle exit. We further show
that there is an obligatory requirement for at least one round of cell
division in the absence of SOX2 as a prelude to terminal progenitor
cell differentiation.

Together, our data highlight the essential roles of SOX2 and the
Notch signaling pathway in the regulation of the quiescent state of
MG in the postnatal mouse retina. The mechanisms by which
quiescent cells preserve their ability to resume proliferation after
weeks or even years of cell cycle arrest are not known. Our study
provides a general paradigm of how SOX2 functions in NPCs and
will have implications for our understanding of the pathways that
balance stem cell quiescence and proliferation in the developing and
adult CNS.
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Fig. S1. Temporal and spatial development of neuronal and glial cell types and Cre-mediated ablation of Sox2 in cultured
retinas. (A) The Sox2 conditional allele and CAGGCre-ER™ transgene. (B) Retinal explant culture technique and ablation of Sox2
using TM. (C-Q) Comparison of the proliferative status and differentiation of postnatal neural progenitor cells into temporally
appropriate retinal cell types between PO (C-G) and P5 (H-L) retinas in vivo versus Sox2OMEOL retinas isolated at PO, treated with
TM and cultured for 5 days in vitro (M-Q). (C-G) At PO, neural progenitor cells, marked by PCNA (D) and SOX9 (E), are present
throughout the NBL and exhibit PH3 during cell division (C). (F,G) MG cells and rod photoreceptors are not yet formed by PO,
as evidenced by low levels of CRALBP (F) and rhodopsin (G) expression, respectively. (H-L) At P5, mitotic progenitor cells
are significantly reduced in number in the central retina (H), but still persist in the peripheral retina (inset in H), while PCNA (I)
and SOX9 (J) become restricted to the INL. By PS5, MG cells and rod photoreceptors have differentiated (K,L). (M-Q) Correct
morphology and laminar localization of MG cells and rod photoreceptors in cultured retinas. (R) Formation of the OPL, marked by
neurofilament, during the culture period and correct localization of MG marked by CRALBP. (S) Expression of 3-galactosidase (/acZ)
in Sox2MUHANT-R26R retinas treated with TM and cultured for 2 days. SOX2 expression is downregulated in Sox2"VM retinas at day 2
of culture. (T,U) In control retinas, SOX2 is expressed in the INL and amacrine cells after 5 (T) or 7 (U) days in culture. Expression
of SOX2 in Sox2MU™NT retinas cultured for 5 days (T) is either absent or detected in a small number of amacrine cells, indicating
temporal variation in the efficiency of TM-mediated DNA recombination. Following a 7-day culture period, SOX2 expression is not
detected in Sox2MV™NT retinas (U). In control retinas, the CRALBP expression pattern reflects typical morphology of MG at both 5 (T)
and 7 (U) days in culture. Following a 5-day culture period, MG in Sox2 mutant retinas are moderately or significantly disorganized
(T), and after 7 days in culture a subset of retinas display significant loss of MG cells and retinal degeneration (U). DIV, days in vitro;
INL, inner nuclear layer; NBL, neuroblast layer; NR, neural retina; ONL, outer nuclear layer; OPL, outer plexiform layer; RPE, retinal
pigmented epithelium; TM, 4-hydroxytamoxifen; NF, neurofilament. Scale bars: 65 pm in Q,S; 45 pm in U.
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Fig. S2. Fate-mapping analysis of RPCs in Sox2VR0L qpd Sox2MU™NT retinas. (A-G) P1 Sox2¢ONROL and Sox2MU™NT retinas
electroporated with pPCALNL-EGFP, cultured for 5 days and immunostained for markers of late-born cell types. No significant
differences (G) are detected in the numbers of labeled bipolar cells (CHX10, A,B), MG (SOX9, C,D), or photoreceptors (CRX, E,F).
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Fig. S3. Expression of markers of differentiating MG in control retinas cultured for 5 days. Expression of MG cell markers

was analyzed by immunohistochemistry on sections of TM-treated Sox2““VR% retinas dissected at PO and cultured for 5 days. (A-D)
Expression of SOX2 in the INL (A, arrowheads) coincides with CRALBP (arrowheads in B-D). (E-H) SOX2-expressing cells within
INL (E, arrowheads) express PAX6 at lower levels (F,G, arrowheads). SOX2/PAX6 double-positive cells exhibit the elongated cell
body morphology of MG (arrowheads in H). (I-L) The subset of INL cells that express PAXG6 (I, arrowheads) co-express the MG cell
marker CRALBP (arrowheads in J-L). (M-P) Vimentin (Histofine) (M) colocalizes with CRALBP (N) in cell bodies of MG (O,P). (Q-
T) Expression of PCNA (Q) is detected in the majority of CRALBP-positive cells (R) within the INL (S, T, arrowheads). (U-X) Nestin
(U) is enriched at the basal retinal boundary and localizes to MG cell processes (W,X, arrowheads), marked by CRALBP (V-X).
D,H,L,P,T, X are magnifications of C,G,K,0,S,W. Scale bars: 45 pym in W; 15 pm in X.
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Fig. S4. Expression of MG cell markers is downregulated in Sox2 mutant retinas but can be restored by activation of NOTCH1
signaling. Expression of PAX6 (A-D’), vimentin (E-H) and nestin (I-L), marking cell bodies (A-H) and radial processes (I-L) of

MG cells in the INL, respectively, analyzed in sections of Sox2OMROL (A A’ ,E,I), Sox2¢ONTROL - CALSL-NICD (B,B’,F,J), Sox2MUTANT
(C,C',G,K), and Sox2MUMNT:CALSL-NICD (D,D’,H,L) PO retinas treated with TM and cultured for 5 days. (A-D’) Fewer PAX6-
positive cells with elongated cell body morphology are detected in the INL of Sox2"V™M retinas (C,C’, arrowhead) compared with
Sox2CONTROL retinas (A,A’, arrowheads). Genetic activation of NICD causes a moderate expansion of the PAX6 expression domain in
Sox2CONTROL- CALSL-NICD retinas (B,B"). In Sox2MV™NT- CALSL-NICD retinas, PAX6-positive cells are increased in number (D,D’) and
displaced towards the ONL (arrowhead in D). A’-D’ are magnifications of A-D. (E-H) Expression of vimentin is reduced in Sox2MU™NT
retinas (G), compared with Sox2ON™®L retinas (E), and is increased in Sox2OV™®L: CALSL-NICD (F) and Sox2MV™NT-CALSL-NICD (H)
retinas. (I-L) Expression of nestin, localized to MG cell processes in control Sox2““Y®% retinas (I), is reduced in Sox2"U™T retinas
(K), and is increased in Sox2ONROL: CALSL-NICD (J) and Sox2“VANT: CALSL-NICD (L) retinas. Scale bars: 15 um in D’; 45 pm in L.
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Fig. S5. Co-expression of PAX6 and PCNA identifies dividing MG cells in Sox2"U™NT retinas. (A-F’) Expression of PAX6 (A,B)
and PCNA (C,D) was assessed in sections of TM-treated control (A,C,E,E") and Sox2"V™NT (B,D,F,F") retinas at day 5 of culture.

In Sox2CONROL retinas, co-expression of PAX6 and PCNA marks predominantly cell bodies of MG in the INL (arrows in A,C,E) and
occasional cells in the ONL (arrow in E"). Many PAX6/PCNA double-positive elongated cells are found in the ONL of Sox2MUANT
retinas (arrows in B,D,F,F’). Cells with round cell body morphology and high PAX6 expression, located in the ONL (arrowheads in
B,D.F,F’), do not express PCNA and are found only in Sox2"V™ retinas. E’ and F’ are magnifications of E and F. Scale bars: 45 pm

inF; 20 um in F'.
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Fig. S6. Visualization of MG cells in cultured retinal slices. (A) The in vitro electroporation of postnatal retina. (B) MG cell
expresses GLASTp-dsRED2 3 days following electroporation at P0. (C) Slices of electroporated retinas are cultured in vitro for 4

days. (D-F, higher magnification images of boxed area in C). Retinas were co-electroporated with pCIG2, encoding EGFP driven by
the CAG promoter, and GLASTp-dsRED2, marking MG cells. Confocal image stacks (D-F) were collected from 200 pum retinal slices

cultured for 4 days (average intensity z-projections are shown). Scale bars: 30 pm in F.
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Fig. S7. Fate-mapping analysis of pPCRALBP-CreEGFP confirms its expression predominantly in postnatal MG. (A,B) P1
retinas were co-electroporated with pCAG-Cre (A) or pCRALBP-CreEGFP (B) and Cre reporter construct, pPCALNL-dsRED, and
cultured for 5 days. In contrast to expression of the dSRED reporter predominantly in rod photoreceptors (PR) in the ONL of retinas
electroporated with pCAG-Cre (arrow in A), the majority of dsRED-positive cells in retinas electroporated with pCRALBP-CreEGFP
are MG (upper arrow in B). (C) The average number of dsRED-positive cells is significantly reduced in retinas electroporated with
pCRALBP-CreEGFP (54.70+4.733, mean + s.e.m.; n=10) compared with retinas electroporated with pCAG-Cre (125.1£13.07; n=10),
as determined by unpaired Student’s #-test (P<0.0001), suggesting that the Cralbp regulatory element is active in a subset of postnatal
retinal progenitor cells. Each construct was used at 1 pg/ul. (D) The proportion of dsSRED-positive MG among all labeled cells is
significantly increased in retinas electroporated with pPCRALBP-CreEGFP (57.12+2.02; n=9) compared with retinas electroporated
with pCAG-Cre (19.65£1.45; n=9) (P<0.0001), whereas the proportion of labeled photoreceptors (PR) is significantly reduced in
retinas electroporated with pPCRALBP-CreEGFP (28.88+2.40 versus 68.48+1.94; n=9) (P<0.0001). No significant difference was
observed in the proportions of labeled bipolar and amacrine cells (BP/AC). (E-G) CRALBP-CreEGFP colocalizes with CRALBP in
the INL. INL, inner nuclear layer; ONL, outer nuclear layer. Scale bar: 65 pm in B.



Movie 1. Stability and limited movement of MG in Sox2°"¥R0L retinas. Slices of PO retinas electroporated with GLASTp-
dsRED2 were TM treated and imaged on day 3 of culture over a 17-hour period. MG cells in Sox2“OVTROL retinas maintain their typical
morphology, with cell bodies located in the INL (arrow) and processes extending towards the inner and outer retinal boundaries
(arrowheads), and exhibit limited movement.

PLAY VIDEO

Movie 2. Visualization of mitotic cell division of MG in Sox2"V™ retinas. GLASTp-dsRED2-labeled MG cell undergoes mitotic
cell division over the course of 8.4 hours. The cell body translocates to the apical retinal boundary (arrow), followed by the emergence
of two daughter cells (arrows) and accompanied by the splitting of the basal cellular process (top arrowheads).


http://www.biologists.com/DEV_Movies/DEV071878/MovieS1.mov
http://www.biologists.com/DEV_Movies/DEV071878/MovieS2.mov

PLAY VIDEO

Movie 3. Cell division of MG in Sox2"U™ T retinas. P1 Sox2U™T retinas were electroporated with pPCRALBP-dsRED2 and imaged
on day 3 of culture over the course of 15 hours. Ds-RED2-expressing MG cell (arrow) travels to the apical surface where it undergoes
cell division.

Movie 4. Cell divisions of multiple MG in Sox2MU™NT yetinas. GLASTp-dsRED2-labeled MG cells were imaged in slices of TM-
treated PO Sox2MV™M retinas on days 3-4 of culture. Cells 1-3 undergo internuclear migration towards the apical retinal surface and
divide (arrows). Daughter cells of all three divisions remain closely associated with each other in the ONL.


http://www.biologists.com/DEV_Movies/DEV071878/MovieS3.mov
http://www.biologists.com/DEV_Movies/DEV071878/MovieS4.mov

Movie 5. Mosaic ablation of Sox2 using pCRALBP-CreEGFP-Nuc leads to mitotic behavior of MG cells. Sox2°"P/COND retinas
were co-electroporated with pPCRALBP-CreEGFP-Nuc and pCRALBP-dsRED?2 at P1, and dsSRED2/CreEGFP double-positive

cells were imaged in retinal slices at day 3 of culture over the course of 18 hours. MG cells co-expressing dSRED2 and CreEGFP
(arrowheads) undergo interkinetic nuclear migration towards the apical retinal boundary, followed by an aberrant cell division.

&

Movie 6. Genetic activation of Notch signaling in Sox2°NTROL: CALSL-NICD retinas does not promote MG cell division.
GLASTp-dsRED2-labeled cells in slices of TM-treated Sox2NROLCALSL-NICD retinas isolated at PO were imaged at days 3-4 of
culture. MG display limited movement and do not undergo cell division.


http://www.biologists.com/DEV_Movies/DEV071878/MovieS5.mov
http://www.biologists.com/DEV_Movies/DEV071878/MovieS6.mov

PLAY VIDEO

Movie 7. Interkinetic nuclear migration and cell division of MG in Sox2"V™NT.C4LSL-NICD retinas. Sox2"V™NT: CALSL-NICD
retinas were imaged over the course of 14.2 hours. MG cell migrates to the apical retinal boundary, followed by the emergence of two
daughter cells, which return back to the INL.

0.0 hr

PLAY VIDEO

Movie 8. Asynchronous cell divisions of multiple MG cells in Sox2"V™NT;CALSL-NICD retinas. GLASTp-dsRED2-labeled MG
cells were imaged in Sox2MVN: C4LSL-NICD TM-treated retinal slices at days 3-4 of culture. Dividing MG cells (arrowheads) are
identified by internuclear migration of GLAST-dsRED2-labeled cells towards the apical retinal boundary, followed by the emergence
of two daughter cells (arrowheads).


http://www.biologists.com/DEV_Movies/DEV071878/MovieS7.mov
http://www.biologists.com/DEV_Movies/DEV071878/MovieS8.mov

Movie 9. Mitotic behavior of daughter cells resulting from cell divisions of MG in Sox2"V™N:CALSL-NICD retinas. Cell
nuclei and cytoplasm of MG cells were labeled by co-electroporating PO Sox2"V™NT.CALSL-NICD retinas with pCAG-H2BEGFP
and GLASTp-dsRED2, and double-labeled cells were imaged over the course of 14.4 hours. MG cell co-expressing H2ZBEGFP and
GLASTp-dsRED2 (arrowhead) undergoes interkinetic nuclear migration towards the outer retinal boundary and divides, giving rise
to two daughter cells (arrowheads). One of the resulting daughter cells repeats the cycle of interkinetic nuclear migration and cell
division (arrowheads).
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Table S1. PCR genotyping primers

Allele

Primers (5'-3")

Product size

Sox2"" and
SonCOND

CAGAGGACTCGTGTTTGGGAAC
TCTTGGATACATAAGGGTGGATGG

Sox2“"P 345 bp
Sox2"" 307 bp

Rosa26 reporter

AAAGTCGCTCTGAGTTGTTAT
GCGAAGAGTTTGTCCTCAACC
GGAGCGGGAGAAATGGATATG

R26R 340 bp
R26R"™ 650 bp

CAGG-CreER™ | GCTAAACATGCTTCATCGTCGG Cre 750 bp
GATCTCCGGTATTGAAACTCCAGC
CALSL-NICD CAACATCCAGGACAACATGG NICD 229 bp

GGACTTGCCCAGGTCATCTA




Table S2. Antibodies and dyes

Primary antibodies
Antigen Host Source Dilution
beta-catenin Rabbit Sigma 1:1500
BrdU Mouse Becton Dickinson 1:100
cleaved caspase 3 Rabbit Cell Signaling 1:250
CRALBP Rabbit J. Saari, Seattle, WA 1:1500
CRALBP Mouse Thermo Scientific 1:500
CRX Mouse Abnova 1:500
EGFP Chicken Abcam 1:1000
GLAST Guinea pig | Chemicon 1:1000
Glutamine synthetase Mouse Chemicon 1:1000
ISLET1 Mouse Hybridoma Bank 1:50
Nestin Mouse Chemicon 1:150
Neurofilament Mouse Sigma 1:1000
NR2E3 Rabbit J. Nathans, Baltimore, MD 1:100
p27Kipl Mouse Thermo Scientific 1:1000
PAX6 Mouse Hybridoma Bank 1:100
PCNA Mouse Biosource International 1:500
Rhodopsin Mouse Leinco Technologies 1:100
SOX2 Rabbit Chemicon 1:3000
S0X9 Rabbit Millipore 1:1000
Vimentin Mouse Histofine 1:1
Secondary antibodies
Antibody Host Source Dilution
Anti-mouse, anti-rabbit Goat Sigma 1:250
CY2 and CY3
Anti-mouse IgG1, I[gG2a | Goat Invitrogen 1:2000
Alexa Fluor 488
Anti-guinea pig Alexa Goat Invitrogen 1:2000
Fluor 546
Anti-chicken Alexa Fluor | Goat Invitrogen 1:2000
488
Fluorescent dyes
Dye Source Dilution
Hoechst 33258 Invitrogen 1:10000
Nissl Invitrogen 1:2000
Phalloidin Invitrogen 1:250




Table S3. Representative frequencies of observed severe retinal lamination defects

Days in culture
starting at P0

Genotype

Proportion of pups with
severe retinal phenotype

Sox2™ ., Sox2 +/COND’ S 2 COND/COND 1/9
4-5 Sox2"";CAGG-CreER™ 1/10
Sox2CONP/COND..C 4 GG-CreER™ 13/16
Sox2™* ., Sox2 +/COND’ S 2COND/COND 1/5
7 Sox2"";CAGG-CreER™ 1/4
Sox2CONPCOND .4 GG-CreER™ 8/8
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